During early development, rat cardiac muscle cells actively proliferate. Shortly after birth, division of cardiac muscle cells ceases, whereas DNA synthesis continues for approximately 2 weeks at a progressively diminishing rate. Little DNA synthesis or cell division occurs in adult cardiocytes. Thus, developing cardiac muscle cells are an ideal system in which to examine the expression of cell cycle-regulated genes during development. We chose to examine proliferating cell nuclear antigen (PCNA), a gene expressed at the G1IS phase boundary of the cell cycle.
During early development, rat cardiac muscle cells actively proliferate. Shortly after birth, division of cardiac muscle cells ceases, whereas DNA synthesis continues for approximately 2 weeks at a progressively diminishing rate. Little DNA synthesis or cell division occurs in adult cardiocytes. Thus, developing cardiac muscle cells are an ideal system in which to examine the expression of cell cycle-regulated genes during development. We chose to examine proliferating cell nuclear antigen (PCNA), a gene expressed at the G1IS phase boundary of the cell cycle.
Northern blots of RNA from cardiac muscle cells from 18-day-old rat fetuses and from day 0, 5, and 14 neonatal as well as adult rat hearts revealed that the PCNA mRNA was found in cardiac muscle cells from all ages. However, because it was possible that this was a result of fibroblast PCNA gene expression, we used reverse transcription followed by polymerase chain reaction to see if it was possible to detect the message for PCNA in cardiac muscle cells from all ages. Because of the great sensitivity of this technique, RNA was recovered from 25 isolated adult cardiac muscle cells. Polymerase chain reaction amplification products for PCNA produced from the RNA isolated from these cells conclusively demonstrated that mRNA for this gene, which normally is associated with proliferating cells, is expressed in adult cardiac muscle cells that no longer divide. Furthermore, Western blot analysis demonstrated that the PCNA protein was found only in embryonic and neonatal cells and not in adult rat cardiac muscle cells. Therefore, it might be inferred from these data that PCNA might be regulated at the posttranscriptional level in adult cardiac muscle cells. (Circulation Research 1991;69:1353-1360) C ardiac muscle cells proliferate throughout fetal development and into the early neonatal period. Early studies have determined that the labeling index of the rat cardiac muscle cell declines from day 15 of gestation and approaches zero by the end of the third postnatal week.' The DNA synthesis that occurs after birth in the rat heart is part of the process during which the muscle cells become binucleate. Therefore, during the postnatal period, there is an uncoupling of DNA replication from cell division, and rapid polyploidization occurs during the first postnatal week.23 After the third week, the heart still is able to respond to stress with an increase in nuclear DNA and cellular hypertrophy.4 As aging continues, there is evidence to suggest that myocyte hyperplasia is reinitiated.5 The aim of the present study was to begin to examine genes that are important for the cell to traverse the cell cycle and determine whether they are expressed in cardiac muscle cells of various ages and how these genes are regulated.
The gene we chose to examine first was that for proliferating cell nuclear antigen (PCNA, cyclin). This gene has been characterized extensively. PCNA is an auxiliary protein of DNA polymerase 86 and is essential for DNA replication.7 The importance of this gene for cell proliferation was demonstrated by the inhibition of cell proliferation on exposure of Balb/c3T3 cells to antisense oligodeoxynucleotides to PCNA.8 The human PCNA gene is 4,961 base pairs long, has six exons, and localizes to chromosome 20.9,10 PCNA expression is regulated transcriptionally but has an important posttranscriptional component as well. Of interest is the fact that at least part of the transcriptional regulation appears to be mediated by intron 4.11,12 In the rat, steady-state levels of PCNA mRNA were detected in adult heart tissue as well as other tissues. 13 The basis for this study was to determine whether a gene that is associated with the G1/S boundary of the cell cycle14 was expressed in nondividing adult cardiac muscle cells, as opposed to whole heart muscle tissue. If PCNA mRNA was not expressed, the goal was to determine how it was transcriptionally regulated. If the gene was expressed at the mRNA level, it would be necessary to determine whether the protein product was found in adult cardiac muscle cells. Our data indicate that the PCNA mRNA is expressed specifically in nondividing, adult rat cardiac muscle cells but that the protein product is not translated in the majority of adult cardiac muscle cells. Thus, the adult cardiac muscle cell regulates this G1/S phase gene posttranscriptionally rather than transcriptionally. The mechanism by which this regulation occurs currently is being investigated.
Materials and Methods Isolation of Cardiac Muscle Cells
Our experiments were done on isolated heart muscle cells from ventricular myocardium. Rat cardiocytes were isolated by techniques described previously.15-17 Eighteen-day-old fetal; 0-, 5-, and 14day-old neonatal; and adult rats were used. Aliquots of 1 x 105 cells in M-199 medium supplemented with 0.2% bovine serum albumin, 10`M insulin, 2.5 x 10-4 M penicillin, and 2.5 x 10-4 M streptomycin with 10% fetal bovine serum were plated onto culture dishes. These cells were placed in culture dishes without laminin for 3 hours to allow myocardial fibroblasts to attach. Then, the remaining unattached cardiocytes were used for our experiments. Most, if not all, of the cells isolated by this procedure were cardiac muscle cells rather than fibroblasts or endothelial cells. 18 These relatively pure muscle cell preparations were used to isolate total RNA.18
Autoradiography
Autoradiography was done on cardiac muscle cells both in vivo and in vitro to determine the percentage of [3H]thymidine-labeled cardiac muscle cells in hearts of various ages. For whole hearts, we followed the procedures outlined previously.1 DNA synthesis in cardiac muscle cells was measured from hearts of 18-day-old fetuses; 0-, 5-, and 14-day-old neonates; and adult Sprague-Dawley rats. Animals were treated for 1 hour with [3Hlthymidine, were killed, and the hearts were fixed, paraffin embedded, sectioned, and analyzed. Only the nuclei that could be definitively identified as ventricular, cardiac muscle cell nuclei by the presence of striations were counted; interstitial cells that represent two thirds of the myocardial nuclei were not included. For the isolated cells, we followed the procedures outlined below, except that the cells were replated in serum-supplemented medium with [3H]thymi-dine for 24 hours. Subsequently, the cultures were fixed, dehydrated, and prepared for autoradiography. In all studies, more than 800 cells were counted for each animal or slide, and at least five animals or slides were used for each group.
Northern Blot Analysis
RNA extracted from cardiac muscle cells19 was used to prepare RNA blots as previously described.19,20 32P-labeled probes were prepared by the random priming method. 21 To evaluate the amounts of RNA that were placed in each lane, we used a cDNA probe for glyceraldehyde-3-phosphate dehydrogenase (GAD) that has been shown to be expressed identically in cardiac muscle cells during different stages of development. 18 This experiment was repeated four times.
Each blot was hybridized with each of the probes for 18 hours. Stringent washing of the blots was done in the same way after each blot was hybridized. Exposure times also were identical for each of the probes used on a particular blot. After exposure for 18 hours, the blot was stripped and reprobed. GAD was the last probe hybridized to a blot. Densitometric measurements were done to determine the relative amounts of PCNA thymidine kinase (TK) and histone 3 (H3) to GAD. In all cases, the optical density of each spot was within the linear range of absorbance.
Four probes were used to study steady-state mRNA levels: The TK probe was isolated from pTK11, which is an Okayama-Berg vector that contains the human TK cDNA.14 A GAD cDNA containing plasmid (pHcGAD) was obtained from the American Type Culture Collection, Rockville, Md.
The probe contains 31 bp of the 5' untranslated end, 1,008 bp of coding sequence, and 216 bp of the 3' noncoding region of the human GAD gene. 18 The PCNA probe is a cDNA isolated from a human cDNA library of SV40 transformed fibroblasts.14 The H3 probe14 also was used to detect cells entering the G1/S boundary of the cell cycle.13
Detection of Proliferating Cell Nuclear Antigen mRNA by Reverse Transcription and Polymerase Chain Reaction
In four separate experiments, cellular RNA was reverse transcribed with 400 units of Moloney murine leukemia virus reverse transcriptase for 60 minutes at 370C.21 In each experiment, identical amounts of RNA were used for each of the age groups examined. The quality of RNA as measured by the ratio of the 260/280 optical density readings and as assessed by gel electrophoresis also was identical for all ages examined. For PCNA sense mRNA detection, the antisense (3') primer used as a template corresponded to nucleotides 518-540 of rat PCNA cDNA (TCACCACAGCATCTCCAATATG). The cDNA fragment generated then was amplified by polymerase chain reaction (PCR) using a 20-base sense primer that corresponded to nucleotides 241-261 (ACCGCTGCGATCGCAACCTG), the 3' primer, and 5 units of Taq polymerase. After 40 cycles of amplification, 10 gl of the reaction mixture was run on a 4% agarose gel. The gel was blotted onto a nylon membrane and then prehybridized and hybridized with an oligonucleotide probe that corresponded to nucleotides 291-311 (GCATCTTTACTACG-CAGCTGT). For antisense mRNA detection, the sense primer described above was used as a template.
In three experiments, the RNA was reverse transcribed and amplified, and the reaction mixture was run on a 4% gel and blotted. These blots were hybridized with the full-length PCNA cDNA probe.14
Western Blot Analysis
Cells from hearts at the different ages of development were isolated as described above, harvested, and washed, and cellular proteins were extracted as described previously for Western blot analysis. 22 In each of three experiments, 50 gig protein was size fractionated on a sodium dodecyl sulfate gel and transferred to nitrocellulose sheets. The sheets were preblocked and incubated with the PCNA antibody and '251-protein A (41 mCi/mg) (Amersham Corp., Arlington Heights, Ill.). The PCNA antibody (American Biotechnical, Plantation, Fla.) we used has been described previous-ly15716 for studies on cardiac muscle cells.
Results
The labeling index of the cardiac muscle cells decreased from 13.3% in the fetal hearts to less than 0.5% in the adult, ventricular myocardium (Table 1) . This result is consistent with previously published datal2 and demonstrates that the level of DNA synthesis was minimal for normal cardiac muscle cells in the adult heart and much greater in cardiac muscle cells in the fetal heart. In vitro, similar results were obtained. Although more than 30% of the fetal cardiac muscle cells progressed through S phase of the cell cycle over the course of 24 hours in culture, there was a significant decrease in that number after birth, with only 12.5% of the day 5 cardiac muscle cells labeled with [3H]thymidine. Clearly, the rate of DNA synthesis appears to be declining both in vitro and in vivo as has been reported previously.
To examine the steady-state levels of PCNA, we performed Northern blot analysis on RNA from day 18 fetal cardiac muscle cells; day 0, 5, and 18 neonatal cardiac muscle cells; and adult cardiac muscle cells. In addition to PCNA, steady-state levels of TK and H3, GJ/S phase genes, as well as GAD, a constituitively expressed gene, were analyzed. In Figure 1 , it can be seen that PCNA, H3, and TK steady-state mRNA levels can be detected at all ages examined. The levels remain constant throughout development when compared with GAD steady-state mRNA levels. This is particularly evident when densitometric measurements are made on the same filter for the different probes. The PCNA to GAD, TK/GAD, and H3/GAD levels remain similar for all ages (Figure 1 , bottom panel). Although the methods used to isolate cardiac muscle cells minimized fibroblast contamination, it was possible that the signals detected by RNA blotting originated from fibroblast RNA. To avoid this possible artifact, we turned to reverse transcription and polymerase chain reaction (RT-PCR) to determine whether the message for PCNA was present in a limited number of positively identified, adult cardiac muscle cells. First, to ensure that a signal for PCNA mRNA could be detected by RT-PCR, RNA was reverse transcribed with an antisense primer, and the cDNA then was amplified. For all ages examined, the expected PCNA amplification product was detected (Figure 2A ). With the demonstration that PCNA mRNA could be detected by RT-PCR, the method was attempted with only a few cells. In FIGURE 3 . Immunoblot analysis by an antibody against proliferating cell nuclear antigen (PCNA) done on NT3 cells that are an actively dividing mouse fibroblast cell line, fetal cardiac muscle cells that are dividing, and adult cardiac muscle cells that have ceased dividing. PCNA is detected as a 36kDa protein only in those cells that are dividing. three different experiments, a total of 25, individually chosen, adult cardiac muscle cells were isolated with a micropipette and transferred to a microcentrifuge tube, and the RNA was isolated. The RNA was passed through a cesium chloride gradient and then reversed transcribed and amplified. Again, as seen in Figure 2B , the PCNA product was detected, indicating that PCNA mRNA is present in adult cardiac muscle cells.
Because the message for PCNA was transcribed, the next question was whether the protein product was made. Immunofluorescent studies using the antibody against PCNA have demonstrated that virtually all fetal cardiac muscle cells contained this protein. 15 Although the levels were reduced, immunostaining revealed that more than 50% of the neonatal cardiac muscle cells were labeled with antibodies against PCNA. 16 However, PCNA has not been detected in adult cardiac muscle cells. To confirm these results, we analyzed PCNA protein levels in rat cardiac muscle cells of the different ages by immunoblotting (Figure 3 ). The PCNA protein was identified by anti-PCNA antibodies as a band of approximately 36,000 Da. It was found in the wholecell extract from NT3 cells, which are a dividing, mouse fibroblast cell line, from fetal cardiac muscle cells, from neonatal cardiac muscle cells (data not shown), but not from adult cardiac muscle cells. One method by which cells regulate the translation of specific proteins is by transcription of antisense messages. 23 Because the mRNA for PCNA was detected in cardiac muscle cells from all ages, yet the protein was not found in adult cardiac muscle cells, we sought to determine whether an antisense message for PCNA was transcribed in cardiac muscle cells. The 3' oligonucleotide was used again for RT-PCR to confirm the presence of the sense message; for a second set of samples, the 5' amplimer was used during the reverse transcription step to examine the possibility that an antisense message was transcribed. As seen in Figure 4 , both sense and antisense products were found for all ages.
Discussion
Cell division ceases shortly after birth in cardiac muscle cells, and factors that regulate this cessation of cell proliferation are poorly understood. In this study, we have begun to examine the regulatory events that occur as the cardiac muscle cell withdraws from the cell cycle. The expression and regulation of cell cycle genes during the withdrawal of cardiac muscle cells from the cell cycle can be compared and contrasted to the regulatory events that occur as fibroblasts in vitro can be manipulated to exit or reenter the cell cycle. [24] [25] [26] [27] Numerous studies both in vivo and in vitro clearly show that cardiac muscle cells can synthesize DNA and divide during the fetal period.2'5,18,2831 Data presented here demonstrate that in fetal cardiocytes, the percentage of labeled cardiac muscle cells after 24 hours of [jH]thymidine incorporation is identical to that seen in vivo.1 1 Approximately 30% of the cardiac muscle cells are labeled. However, at birth, in vivo rat cardiocytes have approximately one half the number of labeled nuclei as fetal cardiocytes.23 Cell labeling declines for the first 2 weeks after birth3 and is negligible by the end of the third week. During this period, there is no increase in cell number but an increase in binucleate cardiac muscle cells, leading to the conclusion that there was DNA synthesis without cell division.32 If newborn cardiac muscle cells are left in culture in serum-free medium for 2 days and then serum is added for 24 hours, there is an increase in cell number and [3H]thymidine incorporation. However, if the cells remain in serum-free culture for 7 days and then are labeled for 24 hours, [jH]thymidine incorporation occurs without an increase in cell number. After 14 days, neither [3H]thymidine incorporation nor cell number increases with the addition of serum.'8 Thus, isolated cardiac muscle cells undergo similar changes in vitro as observed in vivo.
However, it should be pointed out that although the percentage of cardiac muscle cells from young adult hearts that do synthesize DNA is extremely low, the number of myocytes labeled with [3H]thymidine is approximately 17% of the number labeled at birth. With a total of 13.3 x 106 muscle cells in the rat ventricle at birth, 19 .2x106 muscle cells in the rat ventricle 5 days after birth, 22 .3 x 10' muscle cells in the rat ventricle 11 days after birth, and 28.9x 106 adult ventricular muscle cells,5,32 the number of labeled cells would be 8.0 x 10i, 7.7 x 10', 3.3 x 105, and 1.4x 105, respectively. Because a small population of ventricular muscle cells capable of dividing remains, future studies will be important to determine if regional differences within each ventricle as well as differences between ventricles exist. So far, immunohistochemical analysis of ventricular muscle cells from the rat or cat myocardium have not revealed any PCNA immunolabeling of adult ventricular muscle cells (data not shown), whereas in the fetal and neonatal hearts, ventricular muscle cells do exhibit PCNA labeling.
Most young adult heart muscle cells in vivo normally stop synthesizing DNA.'-3 However, as diseased hearts increase in size and age, the ploidy of the cardiac muscle cells increases,33-38 suggesting that DNA synthesis occurs in human cardiac muscle cells. With aging, there is also evidence of myocyte hyperplasia.5 The mechanism for an increase in ploidy or cell number has not been explained2 but generally occurs in cardiac muscle cells that have undergone hypertrophy. [34] [35] [36] The factors that limit the ability of the adult cardiac muscle cell to divide are not known. Clearly, with some cell division possible,5 the reason more cell proliferation does not occur remains to be answered. In Thus, it appears that although fetal cardiac muscle cells progress through the cell cycle, neonatal cardiac muscle cells progress only as far as DNA replication, and normally, only a small number of adult cardiocytes traverse the cell cycle at all. One can ask how the expression of cell cycle-associated genes is regulated under these different circumstances. One could hypothesize that expression of early growth-related genes would be found in only fetal and neonatal cells, that expression of G1 and S phase genes would be found in fetal and neonatal cardiac muscle cells, and that expression of G2 and M phase genes would be found in only fetal cardiac muscle cells. In the case of cardiac hypertrophy, the increase in ploidy and DNA synthesis would be the result of reexpression of the early growth-related genes and the G1 and S phase genes, but not the G2 and M phase genes. When the limited cell division does occur in the aging hearts, then the G2/M phase genes would be reexpressed.
Several studies have supported this hypothesis. For example, studies on early growth-related genes demonstrated that the expression of c-myc and a fosrelated gene were dissociated. 46, 47 The disappearance of c-myc mRNA preceded that of c-fos or r-fos46 and occurred during the postnatal period. Little information was available concerning the expression of later cell cycle progression genes. However, it was known that both TK and histone 4 mRNA have been detected in samples of heart muscle tissue from 3-day-old neonatal hearts, whereas the mRNA from histone 4 was not detected in adult hearts.48
Because PCNA is requisite for DNA synthesis6'7 and because approximately 0.5% of the ventricular muscle cells are labeled with [3H]thymidine, PCNA protein must be present in this small fraction of cells. Our inability to detect PCNA protein by Western blotting may be the result of several facts. First, only a small fraction of cells contains this protein. Second, in these adult cardiac muscle cells, the ratio of cytoplasmic to nuclear proteins is extremely high. Third, the number of cardiac muscle cell nuclei as a percentage of total myocardial nuclei is low. Therefore, it will be necessary to turn to immunohistochemistry on a large number of cardiac muscle cells to detect PCNA. However, even with this technique, it would be necessary to examine more than 200,000 cells to detect any cell that contained PCNA protein. Thus, our failure to detect PCNA protein by either of these techniques is not unexpected. The consistent finding that PCNA mRNA was present in only 25 adult cardiac muscle cells strongly suggests that a majority of these cells transcribe the PCNA gene. Therefore, it might be inferred from these data that PCNA expression is regulated at the translational or posttranslational level.
Other researchers have reported that the regulation of TK expression is predominantly at the posttranscriptional level in differentiating skeletal mus-cle.4950 Our results suggest that a similar mode of regulation could occur in developing cardiac muscle cells and that several G1/S phase genes may be regulated similarly. From these data, our hypothesis can be modified. First, because early GQ-associated genes are not expressed in adult cardiac muscle cells46'47 and because these genes can be induced by a number of factors, including a number of nonmitogenic factors, the transcripts from these genes may very well be expressed in response to stimuli to hypertrophy. 47 In contrast, the later GI/S phase gene mRNA may be present in these adult cardiac muscle cells but may not be translated unless stimulated by certain stimuli such as hemodynamic stress. This would be reasonable in terms of the length of time that would be needed to activate all the transcription factors necessary for transcription of these G1JS phase genes. In this way, the mRNA would be available, and once the early growth-related genes are stimulated and if DNA synthesis is to proceed, then all that would be required is translation into the protein product. It will be necessary to determine how the hemodynamic events result in cell surface changes that then can mediate second messenger pathways to result in any substantial reinitiation of myocyte DNA synthesis.
The observation of an antisense message for PCNA in cells from rat hearts of different ages is intriguing. In another system, it has been suggested that the stability of basic fibroblast growth factor mRNA in Xenopus oocytes may be controlled by its antisense transcript. 23 In the case of the basic fibroblast growth factor mRNA, it is thought that the antisense messages may be involved in mRNA stability. The importance of the antisense message in cardiac muscle cells awaits further study, and the presence of such an antisense message in all the ages examined is difficult to interpret. To our knowledge, no other investigators have looked for the PCNA antisense message in other cellular systems. Therefore, it is uncertain whether this is a general phenomenon or is restricted to cardiac muscle cells.
In summary, it appears that the early G1 genes, or growth-related genes such as myc andfos,46'47 may be transcriptionally regulated in cardiac muscle cells, though even basal levels of these genes may be found in cardiac muscle cells. In contrast, the later cell cycle genes such as PCNA actually may have their regulatory step at the posttranscriptional rather than the transcriptional level. The goal of our future studies will be to determine the factors that regulate the production of critical cell cycle genes such as PCNA in an attempt to determine how cardiac muscle cells regulate their ability to divide. In this way, PCNA becomes an important model gene for developing our understanding of the regulation of DNA synthesis and cell division in cardiac muscle cells.
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